Abstract: Modeling global atmospheric circulations and forecasting the weather would improve greatly if worldwide information on winds aloft were available. Recognition of this led to the inclusion of the Laser Wind Sounder (LAWS) to measure Doppler shifts from aerosols in the plan for Earth Observation System (EOS) [l]. Gaps would exist in LAWS coverage where heavy clouds are present. The RAdar Wind Sensor (RAWS) we describe could be utilized to fill these gaps by measuring Doppler shifts from clouds and rain. Our study shows that RAWS is a feasible instrument. The antenna required is large (8-m diameter in our example), and the power is comparable with a spaceborne SAR. Our studies show that such an instrument could measure winds at about 1-km height intervals in denser clouds and rain.
Introduction
Accurate prediction of weather is important to agriculture, shipping, air traffic, and many other users. Global system models relevant to climate are assuming increasing importance. Current global atmospheric models use pressure measurements and thermodynamic properties to calculate the effects of wind for use in Numerical Weather Prediction (NWP) models. Inputs to the NWP models are temperature, pressure and wind velocities at different heights. Recently it has become increasingly clear that direct wind measurements could significantly improve the NWP model performance [Z] .
Today's operational wind-velocity observing systems are fixed on the ground or on towers and are mobile on ships, aircraft or balloons. These techniques are limited to local observations, which do not lend themselves to a global perspective. Global-scale measurements require satellite-based systems. The LAWS system was proposed for this purpose as part of the EOS. The LAWS system will determine the wind vector by measuring the Doppler shift of the signal scattered from aerosols in the atmosphere. If, however, dense clouds are present, LAWS is blind to the winds below the cloud tops. Thus an instrument that can penetrate clouds is necessary and is the basis for RAWS. Although a feasible satellite radar cannot measure the winds in clear air as does LAWS, it can measure Doppler shifts of the reflections from hydrometeors which form the clouds. The RAWS and LAWS systems can then be used in tandem to measure wind vectors in both clear and cloudy conditions. Moreover, RAWS can measure rain rates (like TRMM), and surface winds (like N-SCATT and ERS-1). General Description Our RAWS study pertains to the trade-offs involved in designing a satellite-borne radar to measure wind vectors. This can be done by measuring the Doppler shift of cloud and rain returns from three or more points and calculating the components of the wind vector. The primary tasks related to the RAWS study are to determine:
I. scattering and attenuation models 2.
required radar sensitivity 3.
optimal frequencies 4.
needed antenna size 5.
suitable scan pattern 6.
removal of the ambiguity imposed by range and Doppler-frequency sizes 7.
spectrum measurements 8. system configuration 9. 10.
performance as a rain sensor performance as an ocean-surface wind sensor
Here we report primarily on results of items 1-5 from the above list.
Xin [4] also studied item 6 in detail and item 7 to some degree. More study will be necessary on items 4, 5, and 7 and, particularly, on items 8 through 10.
Figure 1. RAWS conical scan pattern [4]
Results where 2, the reflectivity factor, is defined as:
with D the diameter of the droplet and n(D) the drop size distribution.
The RAWS study to date is based on a candidate system selected after preliminary study of frequencies and sensitivities. Two frequencies allow higher sensitivity for clouds and more penetration for rain. We assumed that the power could be on the order of that used in current and planned spaceborne SARs. The antenna size was selected large enough to allow reasonable vertical resolution in clouds and rain along with adequate resolution of individual cells. We chose an orbit height that could give a reasonable coverage swath, although a lower orbit would allow more sensitive measurements, a higher one would produce a wider swath.
One needs three independent measurements to compute all three components of the wind (and rain) vector. This led to the use of a conical scan pattern with beams at two depression angles, which allows four observations per scan. Figure 1 illustrates the scan pattern.
Parameters of the candidate system are in Table 2 [4]. The first issue to consider was the choice of frequency. The frequency must be high enough that the backscatter from the clouds can produce a usable signal-to-noise ratio (SNR) and at the same time experience minimal attenuation. Two frequencies were chosen for the study: 35 GHz and 10 GHz. At 35 GHz, clouds can be observed with acceptable levels of attenuation. However, when the drop sizes increase to those of precipitation, the attenuation at 35 GHz is too large. We chose 10 GHz for this condition, although results to date suggest that a somewhat higher frequency might be useful.
The next issue to resolve was the antenna size. The vertical beamwidth must be small to obtain a small vertical resolution, implying a large antenna. Good resolution also requires a narrow pulsewidth. A narrow horizontal beamwidth is also desirable to resolve individual rain cells. The 8-meter-diameter antenna chosen for the candidate system has vertical and horizontal beamwidths of 4.27 mrad at 10 GHz and 1.22 mrad at 35 GHz.
To determine the SNR verses cloud penetration depth, we must use the appropriate radar equation with a cloud backscattering and attenuation model. The range equation is standard and not repeated. It includes assumed reasonable losses in reception and transmission, in addition to the atmospheric attenuation.
The volume backscattering coefficient, q, is Although several drop size distributions were evaluated (e.g., log normal, Khrigian and Mazin), we used the Deirmendjian model for the SNR calculations [5] .
Figures 2 through 4 show the SNR versus slant-range cloud penetration for three different cloud types. All cases use the parameters given in Table 2 with an incidence angle of 35". Sensitivity is excellent for rain in all cases. In many situations, sensitivity in clouds is marginal or inadequate. The discontinuities seen in Figures 2 and 3 are a result of layering of the cloud in the Deirmendjian model. Each layer has a different drop distribution. Figure 2 shows that an adequate SNR results from the model with a rain rate in the lower layer of 3mm/hr. Figure 3 indicates that the SNR is below 0 dB for the clouds at intermediate heights for the model with a rain rate of 15mm/lu. Hence, at least 10 dB additional SNR is required if the entire return is to be above 0-dB SNR. Both Figures 2 and 3 involve low-altitude clouds (1 and 4 km respectively) above rain at the lower altitudes. Figure 4 is an example of a medium-altitude cloud (6 to 8 km) composed of ice particles. The larger ice particles result in adequate backscatter for a 10-dB SNR in spite of their lower dielectric constant. Additional ice-cloud models will be needed since the Deirmendjian model only contains information for three ice cloud distributions. The higher altitude clouds will contain a top layer of ice particles which may produce ample SNR with minimal attenuation.
Conclusions
The ability of the candidate RAWS design to obtain adequate SNR is apparent in Figures 2 and 4 . Figure 3 , however, shows the need for an additional 10 dB of SNR to obtain a larger-than-unity SNR at all cloud depths. This implies further study of the choice of frequencies is necessary. Operating at 94 GHz, for example, would increase SNR for clouds with smaller water content at the cost of more attenuation. The use of a 17-or 24-GHz frequency would increase the backscatter with a possibly acceptable increase in attenuation. We plan to study both frequency options. A larger antenna is under consideration in an effort to increase SNR and improve vertical resolution. A rectangular antenna may be used, as this would allow for independent selection of vertical and ' horizontal beamwidths. The antenna scan pattern is also being reviewed for optimization. With the present conical scan, few individual points will be illuminated for the required three measurements. The problems of measuring the different components at different points must be studied. Possibly some components from RAWS will need merging with some from LAWS. An alternate scan or scan rate such as the proposed LAWS adaptive shot pattern, which is designed to control slew rates and schedule pulse suppression in regions of low information potential, will be studied [4].
Further study is also needed on system configuration and on performance as a rain sensor and as an ocean-surface wind sensor before the RAWS program can be completed.
